This paper presents an investigation of predictive power and energy modeling of space structures for structural health monitoring (SHM) with piezoelectric wafer active sensors (PWAS). After a review of PWAS principles, the paper developed the multi-physics modeling of pitch-catch PWAS transfer function and discusses and the power and energy transduction between structurally guided Lamb waves and PWAS. The focus is a power and energy transduction analysis between the PWAS and a structure containing multimodal ultrasonic guided Lamb waves. The use of multimodal Lamb waves solution for power modeling is an extension of our previously presented simplified model that considered axial and flexural waves with low frequency approximation. Comparison between the axial and flexural approach and Lamb waves approach was evaluated. Frequency response functions are developed for voltage, current, complex power, active power, etc. The paper ends with summary, conclusion, and suggestion for further work.
INTRODUCTION
Lamb waves are among best guided waves for SHM applications, they can propagate considerable long distances in plates and shells. It was shown in 1 , that energy loss of guided waves may be due multiple reasons, among of them is existing of flaws in the structure. Other studies 2,3 gave more insight on how different defects interact with Lamb waves, and how severity of impact damages can be predicted from the power transmitted. Hence, it is very motivating to model Lamb wave's energy and power transduction between Piezoelectric Wafer Active Sensors (PWAS) and host structures. A preliminary analysis of the 1-D and 2-D power and energy transduction process for SHM applications was performed using analytical tools 4, 5, 6 . Figure 1 shows the power and energy transduction flow chart for a pitch-catch setup between a transmitter PWAS and a receiver PWAS. The following assumptions were used in the previous work: (a) ideal bonding connection between PWAS and structure; (b) ideal excitation source at the transmitter PWAS and fully-resistive external load at the receiver PWAS; and (c) axial and flexural wave propagation. To perform this analysis, Lin and Giurgiutiu 4, 5 developed 1-D and 2-D closed form analytical expressions for the active and reactive electrical power, mechanical power in the PWAS, and ultrasonic acoustic power of the waves traveling in the structure. The simulation considered two PWAS (a transmitter and a receiver) attached on a simple aluminum structure. The electrical active power, reactive power, and power rating for harmonic voltage excitation were examined for both 1-D 4 and 2-D 5 geometries. The analysis was performed in the simplified case of only axial and flexural waves, which are easier to handle than the full multi-mode guided-wave analysis. However, the principles of this exploratory study can be extended to the full multi-mode guided-waves analysis. The focus of this paper is extending the previous axial and flexural approximation with the exact Lamb wave solution to achieve the power and energy in the PWAS bonded on structures.
FIGURE 1: A PITCH-CATCH CONFIGURATION BETWEEN A TRANSMITTER PWAS AND A RECEIVER PWAS
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PWAS MODELING
This section deals with theoretical modeling of plane waves excitation with PWAS transducers. First, PWAS transmitter under harmonic voltage excitation was modeled. Then, the space-domain Fourier transform of propagating waves under plane-strain condition was used to model the structure. Both axial and flexural wave approximation and exact solution of multimodal Lamb waves were presented and compared. Finally, the multi-physics modeling and the power and energy transduction between structurally guided Lamb waves and PWAS were discussed.
TRANSMITTER PWAS
An infinite plate of thickness 2d along the y-direction with the free boundary surfaces at yd  and yd  was considered. A PWAS is bonded on the plate top surface at yd  . A length 2 la  PWAS is placed between xa  and xa  with thickness PWAS h ( Figure 2 ). 
FIGURE 2 BONDED PWAS ON A BEAM STRUCTURE
where 3P
The induced displacement for free PWAS can be written as
Pin-force model For a bonded PWAS on structure under harmonic excitation, expansion of the PWAS mounted on the surface of the structure induces a reaction force per unit length, a F , from the structure onto the PWAS and an equal and opposite force per unit length from the PWAS onto the structure. The ideal bonding between PWAS and the plate is assumed in our model and the pin-force model is applied. The pin-force model assumes the shear load transfer takes place over an infinitesimal region at the PWAS end. Hence, the inducedstrain action is assumed to consist of a pair of concentrated forces applied at the ends. The notations of ref. 7 , pages 294-297 are adopted. The force distribution in the pin-force model and the shear stress distribution in ideal-bonding are 
FIGURE 3 PWAS PIN-FORCE RELATION
At PWAS end xa  , the PWAS displacement is constrained by the displacement ( , )
x u a d on the structure. Under harmonic excitation, the strain, stress at the PWAS end is
Substitution of Equation (7) into Equation (1) yields
Define the PWAS static stiffness
Substitution of the induced displacement Equation (3) and the PWAS stiffness Equation (9) into Equation (8) and rearrangement yields
The pin-force per unit length is determined by the induced displacement, the PWAS stiffness and the surface particle displacement at the PWAS end. The pin-force model indicates
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The particle displacement is determined by the structure that we discuss in the following section.
Axial and flexural wave approximation
The in-plane particle displacement at a beam surface using axial and flexural wave equation is given by Eq. (17) of ref.
[x] using the space-domain Fourier transform. The in-plane particle displacement at the surface of the beam under the PWAS pin-force excitation can be written as
where  is the frequency dependent wave number of axial and flexural wave mode that are evaluated using the relation / c
 
where c is wave speed. 0  refers to axial wave number and F  refers to flexural wave number. E is the Young's modulus of the plate.
Under PWAS excitation, the pin-force is calculated from the particle displacement. The pin-end particle displacement on the structure and PWAS end share the same form, i.e.,
Exact Lamb wave solution
The in-plane displacement at the surface is given by Eq. 
 
cos cos
where  and  are functions given by Under PWAS excitation, the pin-force is calculated from the particle displacement. The pin-end particle displacement on the structure and PWAS end share the same form, i.e.,
Strain under PWAS excitation
The particle displacement on the surface is given by axial and flexural approximation equation (11) 
The particle displacement on the structure surface can be written as
The surface strain under PWAS excitation is
RECEIVER PWAS
PWAS receiver has its center locates at R x and the receiver length is 2 RR la  . Under fully-resistive external load at the receiver PWAS and harmonic dynamic strain excitation, the relation of output voltage and PWAS elongation is given in ref. 6 , i.e., 
,, 
The receiver output voltage can be written as
PITCH-CATCH TRANSFER FUNCTION
The surface strain is excited by the transmitter PWAS. After derivation, we can yield the voltage transfer function 
FIGURE 4 SIMULATION OF PITCH-CATCH WITH LAMB WAVE SOLUTION
Here is an example of a pitch-catch setup simulation. An Aluminum alloy 2024 infinite plate with 1 mm thickness. PWAS transmitter and receiver are 7-mm diameter and 0.2-mm thickness. A 20-Vpp 100-kHz central frequency 3-count Hanning window tone-burst signal is applied to the transmitter. The receiver instantaneous voltage response is shown in Figure  4 . The fast S0 wave is separated from the low speed A0 wave. The S0 wave is non-dispersive and keeps the shape of excitation signal. The A0 wave spreads out due to the dispersive nature.
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POWER AND ENERGY TRANSDUCTION
There are three parts in the power flow: transmitter PWAS power and energy, wave propagation power and energy in structure, and receiver PWAS power and energy. In pitchcatch mode (Figure 1 ), the power flow converts from electrical source into piezoelectric power at the transmitter, the piezoelectric transduction converts the electrical power into the mechanical interface power at the transmitter PWAS and then into acoustic wave power travelling in the structure. The wave power arriving at the receiver PWAS is captured through the mechanical interface between the PWAS and the structure and converted back into electrical power that is recorded by the receiver electric instrumentation. The time-averaged electrical power, mechanical power at the transmitter and wave power were calculated from the frequency response function. In the following section, the transmitter power and energy with both axial and flexural approximation and exact Lamb wave solution is compared for the transmitter PWAS.
TRANSMITTER PWAS POWER AND ENERGY
The electrical energy of the input voltage applied at the transmitter PWAS terminals is converted through piezoelectric transduction into mechanical energy of the PWAS transducer expansion-contraction motion. This motion is transmitted to the underlying structure through the shear stress in the adhesive layer at the PWAS-structure interface. As a result, ultrasonic guided waves are excited into the underlying structure. The mechanical power at the interface becomes the acoustic wave power and the generated waves propagate in the structure. Several questions have been answered for axial and flexural wave in Ref. 6 (i) how much of the applied electrical energy is converted into the wave energy? (ii) How much of the applied electrical energy gets rejected back into the electrical source? (iii) How much energy is lost through the shear transfer at the PWAS-structure interface? (iv) What are the optimal combinations of PWAS geometry, excitation frequency, and wave mode to inject the maximum energy as ultrasonic waves into the structure? Similar procedure was applied to the exact Lamb wave solution. Here we compared the two methods side by side for the power and energy analysis.
Active and Reactive Parts of the Electrical Power Input
The electrical active power applied to the transmitter PWAS is actually the power that gets converted into the ultrasonic acoustic waves generated by the PWAS into the structure. This is the useful part of the power input. However, our analysis revealed that the reactive part of the electrical power input can be orders of magnitude larger than the active power because the PWAS transducer is essentially a capacitive device, and its admittance is dominated by C Y i C   . Hence power sources capable of recirculating the reactive power should be used for efficient PWAS excitation; otherwise, the power rating of the excitation source must be much larger than the actual active power injected into the structure. The maximum active power introduced into a 1-D structure (1-mm thick 2024 aluminum strip) by a 7-mm PWAS under 10-V harmonic seems to be ~4 mW at ~420 kHz ( Figure 5) . However, the reactive power rejected back to the power supply is around ~400 mW . Electrical Active Power
FIGURE 5 TRANSMITTER ELECTRICAL POWER (A): ACTIVE POWER; (B): REACTIVE POWER)
Active Power Conversion into Ultrasonic Wave Power
The electrical active power covers into the ultrasonic wave power through piezoelectric transduction in the PWAS and shear lag transfer at the PWAS-structure interface. In a 1-D analysis, the PWAS transmitter generates ultrasonic waves traveling both forward and backward from it. Our analysis indicated that the sum of the powers of the forward ( Figure 6 ) and backward waves emanating from the PWAS matches exactly the electrical active power applied to the PWAS. The comparison of S0 and axial wave power is shown in Figure 7 . It indicates that the axial wave approximation is close to the S0 mode. The comparison of A0 and flexural wave power is shown in Figure 8 . Only at very low frequency, the flexural wave is close to the A0 wave. It clearly shows that the exact Lamb solution gives better results. 
FIGURE 7 S0 VS AXIAL WAVE POWER
FIGURE 8 A0 VS FLEXURAL WAVE POWER
PWAS Size Tuning Effects
In 1-D modeling 1, a PWAS of length 2 la  generates an in-plane surface displacement containing the effect of Lamb waves in the form of equation(24). Optimal wave excitation can be obtained when the PWAS length is an odd multiple of the half wavelength, whereas even multiples lead to wave rejection. Since, at a given frequency, the symmetric and antisymmetric waves have different wavelengths, opportunities arise for tuning into one or the other of these waves through tuning of PWAS size and excitation frequency.
Due to the tuning effects, the wave power (and hence the electrical active power input) is not constant, but presents a peaks and valleys pattern which corresponds to the PWAS tuning in and out of the ultrasonic waves traveling into the structure. The maximum wave power injected into a 1-D structure (1-mm thick 2024 aluminum strip) by a 7-mm PWAS under 10-V harmonic seems to be ~4 mW at ~420 kHz.
FIGURE 9 ACTIVE POWER OF PWAS TRANSMITTER UNDER CONSTANT VOLTAGE EXCITATION RECEIVER PWAS POWER AND ENERGY
A similar analysis was conducted at the receiver PWAS. Receiver PWAS has a similar size tuning effect as transmitter PWAS. When propagating waves reach the receiver PWAS, receiver PWAS converts the wave energy to electrical energy and outputs a voltage signal. For sensing application, a high value of the output voltage is desired. The external electrical load such as oscilloscope resistance is set to high impedance. In this case, only a small amount of power and energy is picked up by PWAS. In power harvesting application, receiver PWAS with a matching external electrical load impedance can output the maximum power. 
CONCLUSION
The frequency transfer function of a PWAS pitch-catch setup was derived using the exact Lamb wave solution. The overall transfer function is determined by the PWAS transmitter complex transduction coefficient, PWAS receiver complex transduction coefficient, PWAS and plate size. The PWAS size tuning effect. The predictive modeling of the multi-physics power and energy transduction between structurally guided waves and ideal bonded PWAS were presented and discussed. It has been showed that Lamb wave power is comparable to axial/flexural approximation only at relatively low frequencies (~200 kHz for anti-symmetric mode, and ~700 kHz for symmetric mode). For MHz excitation applications, Lamb waves need to be incorporated. It was shown that a judicious combination of PWAS size, structural thickness, and excitation frequency can ensure optimal energy transduction and coupling with the ultrasonic guided waves traveling in the structure.
The exact Lamb wave power modeling is important aspect for studies analyzing the energy loss and scattering due to different damages at structures for space structural health monitoring systems and nondestructive evaluation techniques. 
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